A use of infrared thermography for quantitative evaluation of water hidden in honeycomb cells is discussed. Test case modeling has been performed by analyzing a 3D honeycomb panel model where water fully or partially occupies cells. Calculation of several test cases has allowed to better understand how the thickness of the water layer adjacent to an inspected skin, or the thickness of the air gap between skin and water, affects temperature anomalies and times of their appearance in active thermal tests. Experimental results have been obtained on both reference and real samples.
Introduction
Nondestructive testing (NDT) of water ingress in honeycomb panels of airplanes under exploitation remains an important aircraft maintenance problem. At a qualitative level, this problem is being solved at leading air companies by applying both passive and active modes of thermal NDT (TNDT). At Tomsk Polytechnic University, the research on detecting hidden water immediately after landing recently finished with the development of the corresponding federal guidelines (in collaboration with the State Institute of Civil Aviation). These guidelines have been used mainly in the inspection of Toupolvev-204 airplanes across the country. According to the approved normative document, quantitative water evaluation is to be done by applying the ultrasonic NDT method while infrared (IR) thermography is regarded as a screening inspection technique. Details of this earlier research can be found elsewhere [1, 2] .
The current research is forwarded to understand whether solely IR thermography can be used for quantitative evaluation of water hidden in aviation honeycomb cells.
Modeling cell water detection
The modeling of plentiful test cases has been performed by analyzing a 3D honeycomb panel model where water can fully or partially occupy cells. In the latter case, water is distributed in a cell under the gravitational force being also present as the capillary water adjacent to cell walls. One-sided inspection can be made on both top and bottom panel surfaces while the water may contact a honeycomb skin ('bottom' test) or be separated from it by an air gap ('top' test).
Thermal properties of materials used in this study are presented in table 1. We consider a simple honeycomb structure with square cells made of Nomex paper and the panel skin made of glass and carbon fiber reinforced plastic (GFRP and CFRP). In most cases, the skin thickness is 0.5 mm and the cell height -10 mm. 
3D-to-1D geometry transition criterion
The assumption of a 1D model means that the heat propagates only along a single in-depth coordinate (z), therefore, the surface temperature T is a function of z and time . One-layer 1D models are described with well-known 'classical' heat conduction solutions of which review in application to TNDT can be found in [3] . Two-and three-layer 1D models still can be solved analytically but the solutions become cumbersome because they require finding roots of sophisticated transcendent equations [4] . Finally, multi-layer 1D models can be effectively solved by using the semianalytical quadrupole technique [5] . The next class of thermal NDT models relates to the 2D cylindrical geometry where a disk-like defect is introduced into a disk-like sample (ThermoCalc-2D program from Innovation, Russia) [6] .
Finally, the most flexible are 3D Cartesian models where one can simulate various thermal and optical phenomena accompanying the TNDT process. The ThermoCalc-3D software from Innovation allows modeling up to 36 anisotropic layers and up to 40 parallelepiped-like defects. The result of 3D modeling is a set of synthetic IR image sequences where the typical thermal NDT parameters (differential temperature signals ΔТ and running contrasts С=ΔТ/T, where T is the non-defect excess temperature) can be determined for areas of interest in regard to a reference ('dry') cell.
To define a 3D-to-1D geometry transition criterion in honeycomb structures with 'water' defects, we have simulated a square defect with the lateral size h varying from 1×1 to 40×40 mm by using the ThermoCalc-3D software (figure 1a). The results have been validated by using the Layer-3 Analytic program from Innovation which implements a 1D solution for a three-layer non-adiabatic plate (figure 1b) where the central layer represents either air (cell) or water, and the difference between two solutions yields T values. In its turn, the accuracy of the analytical solution, where the roots of the corresponding transcendent equation are to be found numerically, was validated by comparing it with classical solutions in several extreme cases. The dependence Cm vs. h presented in figure 1c for defect lateral size h from 1×1 to 40×40 mm reveals saturation for large defects (results are close for both CFRP and GFRP skins). In this particular case, the 3D-to-1D geometry transition criterion is h ~5-10 mm. In fact, the transition criterion depends on skin properties and cell height but, since we have analyzed a typical honeycomb structure (skin thickness from 0.5 to 1 mm), the limit value of h > 10 mm can be considered as appropriate for 1D modeling. For example, the results in figure 1a,b obtained in the case of the 40×40 mm and laterally-infinite defects are very close (see the legend to the figure). 
3D analysis of real test cases
Some typical situations of water ingress detection are presented in figure 2 as particular ThermoCalc-3D models. Figure 2a shows two 10 ×10 mm honeycomb cells filled with water and epoxy adhesive. In practice, these two substances should be distinguished because only the presence of water is regarded as a dangerous defect requiring an appropriate repair action. Since such actions may worsen panel rigidity, their number is limited for each particular component 2c). We also introduce the so-called capillary water (figure 2d) of which thickness can be very small.
The parameters of the model in this case were: 0.5 mm-thick CFRP skin, Nomex paper-made cell height 10 mm, heating power 10 kW/m 2 , heating time 5 s, process time 50 s. The example of the evolutions of ΔТ and C in time are presented in figure 3 (100 % water content). The maximum values of these parameters and their observation times calculated for several test cases are given in table 1. We remind that ΔТ is linearly proportional to the absorbed power Q that allows easy re-calculation of temperature values. In principle, modeling results exhibit a 'classical' behavior of temperature signals over water-filled areas. Because of high heat capacity of water, defect areas keep colder that the background during the whole thermal process.
Differential temperature signals reach maximums at particular times m, and ΔТ extremums appear earlier than the extremums of C. As expected, all parameters essentially depend on the presence of air gap between the water and the inspected skin (see table 1 ). If the inspection is being done on the skin which is in contact with water, temperature signals are maximum being accompanied with shortest observation times. Moreover, in this case, water mass affects detection parameters only if water layer thickness is less than 4 mm (40 % of the cell volume). Respectively, one-sided thermal NDT being performed on the panel skin where cell water is separated from the skin by an air gap, results in low temperature signals and longer observation times.
It seems that quantitative evaluation of water content V in honeycomb cells is a challenging task, and so far our results are not very optimistic. One idea of help which still needs further development is to perform inspection on both panel surfaces sequentially (this is possible on disassembled parts) and use a ratio of respective temperature signals ΔT1/ΔT2 or contrasts С1/С2, The examples of a calibration curve is presented in figure 4 to prove that the evaluation of water mass is possible, in particular, if water mass is under 50 % by cell volume.
Water Epoxy

Heating & Inspection
Heating & Inspection 10.21611/qirt.2016.144 
Fig. 4. Temperature signal (a) and contrast (b) ratio vs. water content if a one-sided test procedure is sequentially applied to both panel surfaces
Distinguishing between water and adhesive
It has been shown elsewhere that, in a one-sided TNDT test, an additional useful information about material defects can be obtained by producing material effusivity maps [7] . The details of this approach in application to water detection are described in a coming paper. We will limit ourselves with the statement that, since water effusivity is much higher than that of air, the corresponding sections of effusivity vs. time profiles start to behave in a different way after a particular observation time which is determined by skin thickness. This is illustrated in figure 5 with both theoretical and experimental data where the inflection point is clearly seen at the inf time. Note that, in the experiment, the so-called apparent effusivity has been determined.
Experimental illustrations
The first experimental session was performed in order to evaluate an optimum technique of thermal stimulation. A 10 mm-thick aviation GFRP honeycomb panel area included 8 adjacent cells fully filled with water. Four other cells contained about 20 % of water. Stimulation was fulfilled by using: 1) two light emitting diodes (LEDs) panels, 1 kW in total, 2) two halogen lamps, 2 kW in total, 3) air blower, 2 kW. Heating duration was 5 s, and temperature recording was performed by using a NEC Avio TH-9100 IR imager (image format 320×240, temperature resolution 60 mK, acquisition 10.21611/qirt.2016.144 frequency 1 Hz). The recorded image sequences were processed by means of the ThermoFit Pro software from Innovation. Figure 6 shows the IR thermograms of the sample at 2 s after heating stopped. The best results were obtained by using halogen lamps while the LEDs heater provided lower signals because of lower absorbed power, and the heating with hot air was uneven. All cells fully filled with water can be easily detected. Among four partially-filled cells, only two can be identified as defective, and their weak contrast is explained by the presence of the air gaps. Note that, in all images, honeycomb cells made of aluminum, are clearly seen because of heat sink into aluminum.
In the next experiment, the same sample was frozen at the temperature -2 o C for 20 hours in order to simulate TNDT during airplane landing. Both passive and active (10 s heating with halogen lamps) thermal tests were applied to result in the IR thermograms shown in figure 7 .
In the passive regime, only the cells with 100 % of water were detected. The additional heating of the sample ensured images of a high quality, where all water-filled cells were reliably identified along with few cells probably filled with adhesive.
All test cases above have been quantitatively compared by using a signal-to-noise ratio (SNR) approach [8] . The results are presented in table 2. The influence of water content on surface temperature signals was studied on a honeycomb surrogate made of GFRP (cell size 20×20×25 mm, GFRP cell wall thickness 0.5 mm) and heated with two halogen lamps (500 W each) for 3-5 s. IR thermogram acquisition rate was 10 Hz in this case. Figure 8a shows the sample in the vertical position after 10 s heating. The cells filled with water by 50 and 100 % are clearly identified (see two bottom indications) while the cell with 10 % water content (left top) is not detected. Since cells are big and vertically-positioned, water location is well seen in the cell with 50% of water (bottom left).
In the horizontal position, if the test is done on the bottom sample surface where the water is in contact with the skin, all three cells filled with water are characterized by abnormal temperature in regard to the 'dry' cell (top right), see figure 8b . As expected, when the test is done on the top panel surface, temperature signals turn to be much lower because of air gaps; for example, the cell with 10 % of water is not distinguishable from the 'dry' one (figure 8c). The ratios of temperature signals on both surfaces ΔT1/ΔT2 that was suggested above for water mass evaluation are: 43.8, 4.5 and 1.6 respectively for 10, 50 and 100 % water content being comparable with the values predicted by figure 4a.
Conclusions
 The most important dependencies between sample parameters and temperature signals in honeycomb water detection can be found by using a simple 1D model of heat conduction in a three-layer plate, but some more subtle phenomena still require 3D numerical modeling.
 It seems that quantitative evaluation of water content in honeycomb cells by using solely IR thermography is a challenging task, and the obtained results are not yet very optimistic. One suggestion is to perform inspection on both panel surfaces (this is possible on disassembled parts) and use a ratio of respective temperature signals ΔT1/ΔT2 or contrasts С1/С2 as a calibration function.
 Since water effusivity is much higher than that of air, the corresponding sections of effusivity vs. time profiles start to behave in a different way after a particular observation time (inflection point) which is determined by skin thickness. This allows reliable discrimination between water and adhesive in cells.
 Halogen lamps still remain a convenient tool for thermal stimulation of honeycomb structures. The highest values of signal-to-noise ratio appear if cell water is frozen before a test.
